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ABSTRACT"

We analyze the model for estimating the dose from 239Pu developed for

the Nevada Applied Ecology Group (NAEG) by using sensitivity analysis and

uncertainty analysis. Sensitivity analysis results suggest that the air
pathway is the critical pathway for the organs receiving the highest dose. !

Soil concentration and the factors controlling air concentration are the most

important parameters. The only organ whose dose is sensitive to parameters in
the ingestion pathway is the GI tract. The-éir pathway accounts for 100% of
the dose to-lung, upper respiratory tract, and thoracic 1ymph nodes; and 95%
of the dose to liver, bone, kidney, and total body. The GI tract received 99%
of its dose via ingestion. Leafy vegetab]e ingestion accounts for 70% of the

dose from the ingestion pathway regardless of organ, peeled vegetables 20%;

accidental soil ingestion 5%; ingestion of beef liver 4%; beef muscle 1%.
Only a handful of model parameters control the dose for any one organ. The
number of important parameters is usually less than 10.

Uncertainty analysis indicates that choosing a uniform distribution for
the input parameters produces a lognormal distribution of the dose. The ratio
of the square root of the variance to the mean is three times greater for the
doses than it is for the individual parameters. As found by the sensitivity
analysis, the uncertainty analysis suggests that only a few parameters control

the dose for each organ. A1l organs have similar distributions and variance

to mean ratios except for the lymph modes.

« .
Work performed under the auspices of the U.S. Department of Energy by the

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.



INTRODUCTION

An important problem in assessing health risks from radionuclides has been
the accurate quantification of transport from the source repository (soil) to
the target organs of man through all the possible pathways. This
guantification effort requires a two-part task. One part is a measurement
program consisting of field and laboratory studies designed to gather data on
all the various subprocesses. The second part is to cast these measurements
into a simulation model of transport and doge. The model can act both as a
research tool and as an assessment tool; As a research tool, the model stores
and integrates the information from many different field and laboratory
investigators. Because of the model, misstng data become apparent. As an
assessment tool, the model can be used to make estimations for various
scenarios regarding contamination level, environment, 1ifestyles of people,
etc. To be utilized fully in both the research management and the assessment
roles, it should be recognized that the model contains much useful informatiop
other than single endpoint predictions of a particular get of scenarios.
Sensitivity analyses and Uncertaknty analyses are two tools which we will use
to explore a specific transuranic radionuclide transport and dose model.

Martin et al. (1974) developed a preliminary model of plutonium transport
and dose for the Nevada Applied Ecology Group (NAEG) with the stated goal and
assumptions as follows:

"A preliminary model of pofential plutonium transport to man was

introduced during the planning stage of the NAEG Plutonium Study in

an effort to ensure the inclusion of laboratory and field studies

which would provide the data and parameter estimates needed for later

implementation of a plutonium transport and dose estimation model.



which would: (1) simulate the behavior of 239

such as those found at the Nevada Test Site (NTS); (2) provide

Pu in desert ecosystems

estimates of 239, ingestion and inhalation rates by Standard Man,

239Pu-contaminated area; and (3) provide

assumed to live in a
estimates of potential radiation doses, as a function of exposure

time, to different organs.”

This effort was in support of a general purpose of the NAEG Plutonium Study
which was )

*. . . to evaluate the radiological hhzérds associated with plutonium-

contaminated aréas at the NTS and to recommend practical measures

which could be taken, if necessary, to\minimize such hazards now or

in the future." |
Modified and improved versions of this model were developed (Martin and Bloom,
1976, 1977). The improvements-were the adoption of an- improved inhalation
mode]l for man and simplifications in the vegetation-concentration portions of
the model. Using the ingestion submodel for grazing cattle, Martin and Bloom
(1978a) analyzed the results of field studies at NTS and found good agreement
between model and experiment. They concluded that the experiments were
internally consistent and well designed. Martin and Bloom (1977, 1980) also
made detailed comparisons between NAEG model versions which had the
International Commission on Radiological Protection (ICRP) II lung model
(ICRP, 1959), the ICRP Task Group on Lung Dynamics (ICRP, 1972) lung model;
and a lung model proposed by Stuart et al. (1968, 1971). Martin and Bloom
(1980) concluded that the model of the ICRP Task Group on Lung Dynamics was
the model of choice. Martin and Bloom (1978b) considered the effects of
variations in model parameters on model results and examined the variations

among predicted results for the three translocation classes that can be




assigned to 23%uy, i.e., daﬂy, weekly, or yearly (ICRP, 1972). They also

considered the effect of part1cle size (act1v1ty med1an aerodynamic diameter,

239

AMAD) on equilibrium-lung burden and the rate at which Pu reaches the

blood. They also examined bone burden as a function of blood-to-bone transfer
rates and turnover time in bone. However, Martin and Bloom (1978b) did not
provide a comprehensive sensitivity analysis of the effect of variation of all
model parameters on the cumulétivé dose to hll'target'organs. We will examine
the sensitivity of the NAEG model in this work. In addition, we will analyze
the contribution of each pathway to the dosé of each organ, and we will
discuss the uncertainty in the model's predicted results based upon

simultaneous propagation of all model parameters.

NAEG MODEL DESCRIPTION

The model has been fully described by Martin and Bloom (1980), so we will
here give only a brief synopsis of the basic approach and equations. The model

can be generalized to all important radionuclides which occur at NTS, but in

the present form the model only addresses the problem of 239Pu in the yearly

translocation class. It is designed with the assumption that a Reference Man

(ICRP, 1975) is living in a contaminated environment, eating only plants and

animals living in the same environment. Thus, given a contaminated substrate,

the model assumes maximum exposure to that environment. (With modification, -

the model could be used to evaluate only partial exposure to the contaminated
environment or to contaminated foodstuffs.)
The mode! divides the system into these compartments: (1) soil, (2) desert
" vegetation, (3) cultivated vegetables, (4) alfalfa, (5) beef cattle, (6) milk

cows, (7) air, and (8) man (see Fig. 1). The beef cattle, milk cow, and man



submodels describe radionuclide movement between internal organs. The
transfers between the compartments are linear functions of the amount of
radionuclide in the donor compartment. Thus the model is described as a set
of linear, ordinary, donor-controlled differential equations. The ecosystem
portion of the model is not treated as fully dynamic. That is, the air,
vegetation, and milk-cow compartment eqhations are solved at steady-state. The
beef cattle equations are solved at a fixed endpoint, i.e., time-of-slaughter.
Thus, the ecosystem portion of the model is static. The man model (ICRP,
1972), on the other hand, is fully dynamic,-i.e., the compartment burdens and

dose rates change over time.

TOTAL SYSTEM

There are direct transfers from soil to all three types of vegetation
primarily through an external mechanism (Fig. 1). Martin and Bloom (1977)
citing Romney et al. (1975) concluded that root uptake constitutes "no more
than 1% of Pu in plant samples from contaminated areas at NTS." There are
transfers from the three vegetation compartments to man, beef cattle, and milk
cows reflecting ingestion of plants. There is also a direct transfer from soil
to the GI submodels of man, which reflects the accjdental ingestion of soil
particles. Grazing cattle also ingest soil along with vegetation. Hence,
there are direct transfers from the soil to both the beef cattle and milk-cow
compartments. In addition to vegetation, man a]sq ingests beef muscle, beef
liver, and cow's milk. There is also an inhalation pathway through an
atmospheric compartment via the resuspeﬁsion mechanism. A strong modifying
variable is the fractional distribution of the radionuclide among particle

size classes. This is discussed in detail below.




AIR CONCENTRATION

The concentration of Pu in air ca (pCi/m3) is modeled from the mass-

loading approach. That is
Ca = Lacs | (1)

where Cs is the concentration of Pu in soil (pCi/g soil) and La is a mass-
loading factor of soil particles in air (g soil/m3 air). See Table 1 for

parameter value of La'

PLANT CONCENTRATION

~

The NAEG model uses the concentration factor approach for calculating Yy
the concentration of Pu in plant tissue (pCi/g). In the NAEG model, all plant
and animal tissue concentrations are on a dry weight basis. Conceptually, the
plant is considered to be one compartment with an uptake rate and a loss rate

dependent on body burden, i.e.,

f!! U - Ly, (2a)

where Up is an uptake rate (pCi/g-day) and Lo is a turnover rate (day']). The

uptake rate is a transfer from soil to plant and is assumed to be proportional

to Cs,
Up = uC, , (2b)
with proportionality constant u (day']). At steady state, Eq. 2a becomes
(3)

= U =
Yy Lo cs CFv cs



where CFv is the concentration factor for vegetation (dimensionless). Note
the similarity between Eq. 1 and Eq. 3. Equation 2a is a linear, donor-
controlled ordinary differential equation. The parameters of Eq. 3 are shown

in Table 1.
BEEF-CATTLE SUBMODEL

In Fig. 2, we show the schematic-for the beef-catt]e.submodel. The
accumulation of Pu in cattle is estimatéd t6 be dom%nated by ingestion. There
are two ingestion pathways, accidental soil ingestf&n Is (g/day) and
vegetation ingestion Iv (g/day). Iv is calculated from the empirical

formula for the energy needs of cattle,

~

W= cFy (weeer)®F2 | | (4)

divided by the energy content of vegetation. Thus,

CF, (WBEEF)°T 2

- (5)
'/ DIG « PLE

where W is the digestible energy required pef day for maintenance for cattle
of size WBEEF; CF1 and CF2 are empirical constants (Siegmund, 1967); DIG is
the fraction of energy of desert vegetation which is digestible; PLE is the
energy content of desert vegetation (kcal/g).

Inside the animal, the fractional amount of Pu that transfers from gut to
blood is given by fbgi' The fraction transferring from blood to muscle is

f and the portion transferring from blood to liver is flivb' The turnover

msb
rate in muscle is Ams and the turnover rate in beef liver is Alv' Thus the
differential equations for the total burden of Pu in beef muscle y . (pCi) and

beef liver Niv (pCi) are



dy_ . .
-3?5 Cs (CFIy + 1) fpgiTmsb™ AmsYms

and

dyys. =
it = Cs (CFyIy + I)fhgifrivh Mawndve

(6a)

(6b)

These equations can be turned into concentration equations by dividing them

by the mass of beef muscle (mms) and mass of beef liver (mliv)’ respectively.

The solutions for the concentrations, cmuscle and cliver

c - Cs (CFI, * Is)fbgifmsb'('l - ¢ Mmst)
muscle mmsxhs
and . ~
c 5 (CFT, * I) Fugifiivn (1 - e 1vh)
liver m]ivklv

where turnover rates are given by

Ay = In (z)lTliv and Apo = 1n (2)/Tms

(pCi/g) are

(7a)

(7b)

(7c)

and where Ti is the biological half time of Pu in compartment i. At the time

of slaughter t has the value Time. Values for the parameters in Eqs. 4

through 7 are given in Table 2.

MILK-COW SUBMODEL

The milk-cow submodel is shown in Fig. 3. It is very similar to the beef-

cattle submodel except that the transfer is to the milk compartment.



lactating cows require nourishment in addition to the maintenance requirement
expressed in Eq. 4. Assuming this is supplied by a cultivated plant such as

alfalfa, we replace Eq. 5 by

CF, (WMILK) CFZ FAC « PMILK
+ ] _= ] +

I =1
v vd " va DIG * PLE DIG,* PLE

(8)

where WMILK is the weight of the cow (kg), DI1G, is the digestibility factor
for alfalfa, PMILK is the daily production Jf mi]k,(kg/déy), and FAC is the
energy required to produce 1 kg of milk (kcal/kg). Using this expression for
Iv in Eq. 7a and replacing fmsb by fmilkb’ we can derive an expression similar
to Eq. 7a. However, the residence time for milk, ]/Amilk’ is so short that
the exponential term is very small compared to one for any realistic t.

Therefore the resulting milk concentration equation is solved at steady state

to give

= (Ivd * Iva/Falf)CFv * Is Cf .f (9)

C 2 sTbgifmi kb
milkg “milk .

milk B

where

Anitk = 12Tk

and ﬁnilkg is the daily production of milk in grams, Falf is a factor reducing
the concentration in alfalfa to account for the soil mixing by cultivation in
cultivated crops and Tmi]k is the bio!ogica] half time of milk in the cow.

The NAEG model assumes that Pu is concentrated in the top 5 cm in desert soils

at the NTS. In cultivated soil, this top layer is mixed to a greater depth by




plowing, discing, eté. For the NAEG model, the greater cultivation depth is
taken to be 30 cm, which means Fa]f 1s equal to 6. Parameters for Egs. 4

through 9 are in Table 3.

MAN SUBMODEL

We show a compartment diagram of the man submodel in Fig. 4. Martin and
Bloom (1980) ultimately decided on the formulation proposed by the ICRP Task
Group on Lung Dynamics for the lung portion of the man submodel. This has
since been adopted as ICRP 19 (ICRP, 1972) and ICRP 30 (ICRP, 1979). We have
used the parameter set of Martin and Bloom (1980) for comparison of our results
with theirs. This parameter set differs slightly from ICRP 19. Note that in
the structure of the model there are two possib]e inputs: respiration and
ingestion. Material taken into the lung o; GI tract (gut) can cross into the
blood compartment and be transferred to the various body organs. Obviously the
transfer coefficients are important in determining'the distribution throughout

the body. In the analysis to follow, we can estimate the relative importance

between the various coefficients.

Inhalation and Lung Model

The rate of inhalation of Pu into man Am (pCi/day) is given by
Am = BmLaCs Flo)

where Bm is the respiration rate (m3/day). The Pu is carried on particles and

the particles are distributed over varioug'size classes of activity median

aerodynamic diameter (AMAD). Martin and Bloom (1980) implemented ICRP 19 with

10
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seven AMAD size classes (0.05, 0.1, 0.3, 0.5, 1.0, 2.0, 5.0 um) and there is a
fraction FRi in the ith size class. For the ith size class particles, the
fraction D . is deposited in the nasopharyngel region, the fraction D4,i is
deposited in the tracheobronchial region, and the fraction D5,1 is deposited
into the lung. Of the Pu deposited in the nasopharyngeal region, the fraction
fa is cleared to the blood with the transfer rate A, and fb is cleared to the
GI tract (or gut) with transfer rate Ab'. Of the Pu deposited in the
tracheobronchial region, the fraction fc is transferred to the blood with a
transfer rate of A and the fraction fd is Eleared to the GI tract with a
transfer rate of Ad. Of the Pu deposited in the lung, the fractions ff and
fg are cleared to the GI tract through the tracheobronchial region with transfer
rates Af and Ag, respectively. The transit time in the tracheobronchial
region is TTBf,g' The fraction fe of Pu deposited in the Tung is cleared to
the blood with transfer rate Ae and the frac;ion fh is cleared to lymph nodes
with transfer rate lh' Of the Pu deposited in the lymph nodes, the fraction
fi is cleared to blood with transfer rate Ai' The remaining fraction (1 - fi)
remains in the lymph nodes. So the mass balance equations for the lung model

are as follows:

Let D3 = i=;] FRiD3,i | (11a)
D4 = 'i=Z7] FRiD4,'i - (11b)
D = igl FRyDg 4 | (11¢)
i _ffgge = f 034, = (Aa +1,) Ynpy | (12a)

1




dy
NPb = f DA - (Ay +2,) Y
—NPb = D3y = (Aa T A7 Yneo

YNP = YNPa t YNPD

dY7g = f.0
-t

ahn = O * 2c) Yrge

dYrgd = £.,0 (Aa +1y)
= - y
—ibd = fq 2An A Y Adq) YTBd

dyPe-fDA-(A +1,) ¥
5m A Pe
—at
dy
Pf= fDA - (Mg +2Ac) Yy
1 f05An = (p * Ag) Ypr

dt

Yph = .0
— Thsm

Yrar,g = (epr ¥ AgY pg’ TTBf,g

dy
Pg = f DgA, - (g +2g) ¥pq

A= Ay +2,) Ypy

yr8 * Y18c * Y784 * YTBf,g

Yp = Ype * Ype * Ypg ¥ Yon

- dYuj = -
Wimi = £0¥p, = (Ap + Ay) Yimg

Tdt

aYy i =
__"lldt (1= f3) ApYpp -

AaYLMj

12

(12b)

(13)

(14a)
(l4b)

(15a)

(15b)

(15¢)

(15d)

(16a)

- (16b)

(17)

(18b)

(18b)



Yim= Yimi * Yimg (192)
where the subscripts NP refer to nasopharyngeal, TB refers to tracheobronchial,

P refers to pulmonary (lung), and LM refers to lymph nodes. The total body

burden for these organs are the sums across the subcompartments as in Egs. 13,

16b, 17, and 19a, respectively. Each transfer rate is given by
Ay = In(2)/T . (19b)

where T? is the biological half time for compartment 1, except AA is the

physical decay rate of 239Pu. Table 4 contains the values of the lung model
parameters, Eq. 10 through 19.

Ingestion By Man

The total ingestion rate qn (pCi/day) shown in Fig. 4 is given by

6
Ho = Cg 1 I, Disc(i) (20a)

i=1

where i represents one of the six ingestion pathways explained in Table 5, Ii
is the amount ingested via pathway i (g/day), and Disc(i) is the discrimination
ratio for food type i. The discrimination ratio is defined as the ratio of

the concentration of Pu in the food to that in soil.

That is
Disc(1) = 1 (20b)
Disc(2) = Wash  CF /F ;¢ | (20c)

13



Disc(3) = Peel - CFv/Falf (20d):

Disc(4) = cﬁuscle (Time)/cs _ (20e)
Disc(5) = c]iver (T'Ime)/Cs (20f)

4
where Time is the value of t in Eq. 7a and 7b when the animal is slaughtered.

Table 5 contains the values and descriptions of parameters in Eq. 20.

Submodel for Distribution in Man

The transfer into the gut is

FeIT ™ Ap¥eb * Ad¥tea T Apr M Ag¥pg * My (21)

Because the residence time in the gut is so short compared to that of the
simulation times, we can use an argument similar to that of milk for the milk
cow and arrive at an equation for the burden in the gut. '

T | (22)

YaIT * TGIT 'GIT

where TCIT is the residence time in the gut. The transfer rate into the blood

is

rg = A¥npa * AYTBe * AeYpe * Ai¥imi * Titarr (23)

The equations for liver, kidney, bone, and total body are

Yijy = £, r “(Apt A )Yqs (24)
—~gt BLB A (e R 1Y

14



dy, ., _

kid = fgrp-(a* A g | (25)
Vhone = feen"s~(*a* 2NYbone (26)
—at : 0
d (27)

Y. = -
—toth = frprg (Ax* A1o1B)Yt0tb

See ICRP 19 for a full discussion of the man submodel. The definitions of the

A's are

Ax = ]nZ/T* (28)

where x is L, BN, K, and TOTB. The parameters for Eqs. 21 through 28 are

-

given in Table 6.

Dose to Man

The time rate of change of the dose Ds (rem) to a target organ, s, is
given by

b N 7 (29)

S

m
]

51.2159 x 107° es» dose rate factor, (g rem pc;‘ day'])

effective energy absorbed in the organ s ber disintegration of

m
[]

radionuclide (MeV/dis)

mass of target organ s except for GI dose fn which case it equals

twice mass of contents of GI tract;

15




The organs for which we calculated a dose are 1iver, kidney, bone, total body,
upper respiratory tract, GI tract, lungs, and thoracic lymph nodes. The doses
for liver, kidney, bone and total body were calculated using the y's or body
burdens of equations 24 through 27 respectively. The dose to the upper

respiratory tract was calculated as

T T
D D
E yupdt + E J. Yrpdt
. NP{ npdt * Eyg J - Yol (30)
URT Myp + Mg . .

where Ynp is from Eq. 13 and Y18 is from Eq. 16b. The calculation for dose to
the lung, lymph, and GI tract uses Yp from Eq. 17, M from Eq. 19, and YeIT
from Eq. 22, respectively. Table 7 gives the parameters for the dose

calculation. TD is fifty years for'the calculations in this paper.

RESULTS OF SIMULATION

We ran a 50-year simulation assuming a constant value for Cs of 1.0 pCi/g.
Equations 1 through 11 are 561ved algebrafcally. Equations 12 through 30 are
solved with the eigenvalue-eigenvector method using a code developed by Reeves
(1971). In Figure 5, we show the doses as a function of time for.lung, qut,
bone, and liver. Because both the lung and gut have relatively rapid turnover
rates, their contents reach a steady state soon after the simulation begins.
Thereafter their doses rise linearly as thé dose becomes proportional with time
in the integral of Eg. 29. However, since both the liver and the bone have
long residence times, their contents do not equilibrate Quring the simulation

but instead increase monotonically. Therefore, their doses seen in Fig. 5 rise

faster than linearly. Note that the dose to the GI tract is two orders of.

magnitude less than the other three. This can be seen more clearly in Fig. 6



where all the doses are plotted on the same graph on logarithmic scales. There
we see éhat the lung, bone, and liver are the critical organs. The thoracic
lymph nodes have the highest dose but. since there 1s_not a generally accepted
interpretation of dose to the thoracic 1ymph nodes, we will concentrate on the
other organs in our analysis.

Based on similar results which they found, Martin and Bloom (1980)
calculated an acceptable soil concentrafion (ASC). Using the lung as the
critical organ which would have a permissible dose rate of 1.5 rem/year, they
calculated that the corresponding soil contéﬁination level would be

2817 pCi 239Pu/g soil.

~

SENSITIVITY ANALYSIS

METHODOLOGY

The sensitivity analysis was done by looking at the 50-year dose for each
of the eight organs listed shown in Fig. 6. To calculate the sensitivity of
each of these doses to any one parameter, say parameter i, we hold all other
parameters at their nominal values and increase parameter i by 10¥. The doses
must be calculated both at the nominal value of a; and at the new value of a;.
Then the sensitivity rj.i of the dose to the jth organ to a change in paramgter

a; is given by

Dose, (50y, a ) - DOSQJ(SOY. 35 614)

i new
r. Dose!(SOy, a, old) (31)
J»1 % new ~ %i old

a4 old

17




where “01d" designates the nominal value of the ith parameter and "new" _
designates the new value or 1.1 times the old value. Note that the sensitivity
is a fractional change in the dose per fractional change in the parameter.
Thus, for I' equal to about 1, we would consider an organ dose to be sensitive -
to that parameter or in shorthand we would refer to the parameter as a
sensitive parameter. This is because a one part change in the parameter is
producing a one part change in the dose. For I' equal to about 0.1 or less,

we would refer the dose as being insensitive to that parameter or colloquially
we would refer to the parameier as “insensiiive.“ This is because a one part
change in the parameter produces only a 1/10 part change in the dose. We also

note that Eq. 31 can be simplified to

Dosii(SOy, I.Iai) - Dosej(SOy, ai)

Ty,1710 “Dose; [50y, a;) (32)

RESULTS OF SENSITIVITY ANALYSIS

We will examine in detail the results of the sensitivity analysis for dose
to the lung, bone, liver, and GI tract. The first three organs were chosen
because they receive the largest dose (excluding the 1ymph nodes for which
there is no accepted interpretation for dose). The GI tract was chosen
because of its unique status in the model and aléo for the eventual comparison
of these results to other radionuclides for which the GI tract might receive a
significantly larger dose. In addition to the detailed examination of
specific organs, we will also compare the pathways using sensitivity |

analysis.

18



Organ Analysis

In Table 8 we show the sensitivity results for the lung dose. In Table 8,
the first three parameters determine the intake of Pu to the lung and the
fourth is a multiplicative factor determining the dose from the body burden.
Because the mass of the lung is a divisor in the equation for dose, a 10%
increase in the mass results in a 9.1% decrease in the dose. The next nine
parameters are in the lung model and determine the quantity of Pu deposited
and retained in the deep pulmonary tissues,-residence times, and clearance
rates from pulmonary tissues. These nine lung-model parameters span the
sensitivity range from 0.67 down to 0.14. Then there are 14 nonzero parameters
in the sensitivity range 0.11 down to 0.0. These are all lung-model parameters
of a physiological nature or parameters having to do with the distribution of
Pu among particle sizes. Then there are 83 other parameters in the model
having to do with the food chain or other organs in man for which the lung

dose has zero sensitivity.

In Table 9 we show the sensit{vity of the bone dose to parameter changes.
Three parameters have a sensitivity of 1.0. That is, the dose is directly
proportional to the concentration of Pu in the soil, the transfer coefficient
of blood to bone, and the dose factor for bone. The next two parameters, mass
loading factor for air and the respiration rate for man, have a sensitivity of
0.95. This is because 95% of the dose to bone comes from the air or inhalation
pathway rather than the food or ingestion pathway.. After the mass of bone
come seven lung-model parameters having to do with the fractions of Pu cleared
to blood and lymph (f_, fi’ fe), retention factors for various size classes
(Ds's) in the lung, and the portion of Pu particles in the 0.05:u size class.
These sensitivities range between 0.62 and 0.11. There are 58 parameters of

the model with a sensitivity between 0.1 and 0.00002. There are 14 nonzero

19



parameters with a value less than 0.5 x 10'5. There are 25 parameters with

a sensitivity of 0.0. In particular, note the sensitivities for parameters

I] fhrough 16' Their extremely small size indicates the relative unimportance
of the ingestion pathway for ‘year-class" Pu in this environment. The
relatively large sensitivity ﬁf ieafy vegetable ingestion compared to beef-
product ingestiop is due in part to the small transfer coefficient in the
animal from gut to the blood. Also note the relatively larger sensitivity of
Tiver ingestjon over muscle ingeétion. This is because the accpmu]atéd levels
in the liver are significantly greater than those in muscle.

In Table 10 we show the sensitivity of the liver dose to changes in model
parameters. Comparing Tableg 9 and 10, we see thgt they are almost identical.
The only difference is that the residence time of Pu in the liver is present
in Table 10 but not in Table 9. This is to be expected. The reason for the
similarities between Tables 9 and 10 becom; clear if we look at the diagram
for the man model, Fig. 4. There it is apparent that both the 1iver and bone
receive their Pu from the same compartment, the blood. Thus, any change in
the model parameters, which come before blood compartment in the Pu stream,
will produce the same change in the intake to both the liver and kidney
compartments. So when considering the structure of the model, the bone and
liver compartments are very similar.

Looking at Fig. 4, we see that the gut compartment is unique. This is
reflected in Table 11. We see that the concentration in the soil, residence
time in the GI tract, and the dose-rate factor are all proportional to the
dose. The concentration factor for vegetation sums the contributions of man's
direct ingestion of washed and peeled vegetables and the Pu which man receives
from beef products which the cattle in turn had acquired from vegetation. The
remaining 7% contribution of dose to qut cohes from accidental ingestjon of

soil by man and animals and the inhalation pathway. Note that the soil-mixing-
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by-cultivation factor Fa]f'ranks relatively high. This suggests that
environmental manipulation could reduce this dose. Ingestion of leafy
(washed) vegetables contributes 70% of the dose and ingestion of other
(peeled) vegetables contributes 19%. The parameter CF, ranks higher than

the other cattle parameters because it is an exponent in the cattle-feed
ingestion equation. Thus, a relatively small change in this parameter
produces a relatively larger change than other parameters in the same
equation. We see that accidental inge;tion of soil by man still ranks higher
than eating beef products in dose sensitivify. However, the sum total for
beef products contribution to dose (5%) is higher for the gut compartment than
for any other. The fact that the transfer coefficient from gut to blood acts
like a very strong filter produced the resqlt that ingestion was not important

for the 1iver and bone compartments.

Pathway Analysis

Table 12 shows the sensitivity-analysis results grouped in such a way that
the pathway contributions to the dose are displayed. For example, the upper
respiratory tract, lung, and thoracic lymph nodes receive 100% of their dose
from the inhalation pathway. The liver, kidney, bone, and total body receive
95% of their dose from the inhalation pathway. Note that the column sums for
the inhalation pathway plus either of the breakdowns of the ingestion pathway
are 100% for each organ. The ingestion pathway contribution for all organ§.is
dominated by the intake from leafy vegetables. The contribution to dose from
beef products is miniscule for all organs except the gut, where it is 5%.
Ultimately, 93% of the ingestion-pathway contribution to dose comes through

vegetation and 7% comes through accidental soil ingestion either by cattle or
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by man. The only organ that receives a substantial fraction of its dose from
the ingestion pathway is the GI tract. It receives 99.4% of its dose from

ingestion and only 0.6% of its dose from inhalation.

UNCERTAINTY ANALYSIS

There is an intrinsic uncertqinty associated with each parameter in the
NAEG model. This uncertainty cah reflect méasurement error or an intrinsic
variability in the parameter. For example, biological parameters often vary
over a wide range because of genetic variability within a population. Thus, a
parameter may be very accurately mpasured fpr one individual and yet be quite
different from the same accurately measured parameter for another individual.
The question arises then as to how much variability there is in the final
result of the NAEG model dose calculations for. the entire set of input
parameters, when each one has some uncertainty associated with it and ail can

simultaneously be quite different from their nominal averages.

PROCEDURE

We use what is known as the "Monte Carlo" approach in carrying out the
uncertainty analysis. We let each parameter vary independently. In general,
for each run of the model, we pick a random number for each variable from the
uncertainty distribution for that variable. . In the analysis presented here,
we will use a uniform distribution for each variable with a +5% range around
the mean. That is, we assume that for a specific run, the value of each
variable is within 5% of the mean value for that variable and that any value

is as likely to be chosen as any other value within that 5% spread. This
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exercise will give us an indication of what to expect if distributions based
on real field data were used to generate the uncertainty distributions. Using
this basic procedure, we ran the model 1000 times and examined the resulting

distributions for the 50-year doses.

RESULTS

The uncertainty analysis generates a considerable amount of data on the
distribution of dose. We will use exp]oratofy analysis techniques to analyze
these results (Axelrod, 1978). 1In Fig. 7, we show histograms of the

distributions of 50-year doses for the four compartments: lung, liver, bone,

and gut. Note that selecting parameters ffom uniform distributions resulted
in non-uniform distributions for the resulting doses. That is, we produced g-
double-tailed distributions that have the appearance of distributions one might
observe from field measurements. The doses are very slightly skewed to the
high end. This is not evident from Fig. 7. But if the doses for a given
organ, Di’ are sorted by value ﬁith )] rﬁnning from 1 to N, and the value of
(Qmedian'ni) is plotted against (Dh-i+] - qmedian)’ we found that the
distributions in Fig. 7 are skewed to the high end. The spread in the
distributions of the organ doses is greater than the spread in the individual
parameters. This is.evident in Fig. 7. In Table 13 we show the square root
of the variance divided by the mean for a typical parameter and for each of the
organ doses. We see that all the compartments have similar spreads except fhe
thoracic lymph node compartment. This result indicates that an analysis based
solely on the sensitivity analysis would not give a complete picture of the
variation in the model. That is, to predict model-output variation, one I

cannot rely solely on sensitivity analysis since in this case we produced a

variation greater than the spread of any one parameter. The lymph-node
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compartment is unique in that it is the only one which does not have a
transfer out. Possibly this property is the cause of the larger variance in
the dose. For all the other compartments we see that the spread is three
times that of the spread of each individual parameter. This indicates that
only a relatively few parameters are important in determining the dose. This
result agrees with the outcome of the sensitivity analysis.

In Fig. 8 we plot the same data against the probit or normal quantile
scale after having taken the log of the data, i.e., log probability plots.
The data for all four of ;hese organ doses geem to fall along a straight
1ine. This suggests that’the distributions of Fig. 7 are best represented as
lognormal distributions. (The logarithm of the dose is normally
distributed.) In comparison, we plot the qntransformed data on probability
plots in Fig. 9. Here the data deviate more from a straight 1ine. It should
be pointed out that this effect is small because our assumed spread in the
input parameters is so small (:5%). For larger variances for model _
parameters similar to the variance experienced in field measurements, we would
see a much larger variance in the organ dosgs. This would be reflected in

much larger distinctions between untransformed and log transformed data.

CONCLUSIONS

We have performed an analysis of the NAEG model by using sensitivity

analysis and uncertainty analysis.
The sensitivity analysis indicates that the air pathway is the critical
pathway for the organs receiving the highest dose (critical organs). The soil

concentration and the factors controlling air concentration are the most
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important parameters. The only organ dose sensitive to parameters in the
ingestion pathway is the GI tract. The air pathway accounts for 100% of the
dose to lung, upper respiratory tract and thoracic lymph nodes from Pu; 95% of
the dose to liver, bone, kidney, and total! body. On the other hand, the GI
tract receives 99% of its dose via ingestion. The GI tract dose is sensitive
to these environmental parameters: concentration in soil, concentration factors
for plants, depth of plowing, and Pu retained on leafy vegetables after
washing.

The uncertainty analysis indicates that-choosing a square or uniform
distribution for the input parameters results in a lognormal distribution 6f
dose. The ratio of the. square. root of the variance to the mean is three times
greater for the doses than it is for the iqdividua] parameters. Thus, only a
few parameters control the dose for each organ. A1l organs have similar
distributions and variance to mean ratios except for the lymph nodes.

These results suggest that expenditure of future effort should be in the
improvement of the air-pathway submodel. It would also be useful to |
incorporaté realistic distributions of parameters in the uncertainty analysis.
The choice for which parameters should be extracted from existing data bases
or from literature searches should be based on the sensitivity-analysis
results. While we anticipate that the légnormal result is sufficiently robust
that it will be found to be true when realistic data are uséd in the
uncertainty analysis, the predicted dose distribution made from actual data
would be extremely valuable in evaluating the radiologicaj hazard from Pu.

If the goals of the NAEG model program are broadened from a focus on
research on Pu movement to an emphasis on radiological hazard, then other
radionuclides should be incorporated in the model as identified by the

Radionuclide Inventory and Distribution'Projecf to evaluate better the true
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radiological hazard. If other radionuclides are added, then in additfon to
the pathways currently in the NAEG model, an external dose should also be
calculated for all the gamma-émitting radionuclides of concern. If a fuller,
more complicated model is developed along these lines, then the sensitivity
and uncertainty anajyses should be fepeated to understand better the

implications of the expanded model.
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Table 1. Paramefers and their values for the vegetation and air submodels.

Parameter or variable

Description Value

Concentration of Pu in air (pCi/m3)

Mass loading of soil particles in air 0.0001
(9 soil/m3air) |

Concentration of Pu in soil (pCi/g) 1.0
Concentration factgr for vegetation 0.1
(dimensionless)
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Table 2. Parameters and their values for the beef-cattle submodel.
Parameter Description ' ' Value
CF] Energy requirement of catfle per unit body weight raised
to the CF, power (kcal day™' kg™ ' ) 163.5
CF2 Exponent of body weight of cattle to calculate
ingestion by cattle 0.73
WBEEF Weight of beef cattle (kg) 275
DIG Digestible fraction of desert végetation 0.36
PLE Energy content of vegetation (kcal/g) 4.5
fhsb Fraction Pu transferred from blood to muscle 0.07
fbgi Fraction Pu transferred from gqﬁ to blood 3.0 x 10'5
ms Mass of muscle (g) | 125 x 10°
ﬂ“s Biological half time of Pu in beef (day) 2000
I Accidental ingestion rate of soil (g/day) 250
flivb Fraction Pu transferred from blood to liver | 0.12
My  Mass of liver (g) 3950
Tliv Biological half time of Pu in liver (day) 30,000
Time Time of slaughter after birth (day) 730
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Table 3. Parameters and their values for the milk-cow submodel.

Parameters Description | Value
WMILK Weight of milk cow (kg) 650
PMILK Daily production of milk (kg/day) 25
FAC Energy required to'produce one kg of milk (kcal) 1850
DIGA Digestibility factor for alfalfa 0.52
Falf Plowing depth in units of 5 cm 6
Fmi]kb Fraction of Pu transferred from blood to milk 0.007
Tﬁilk Residence time of milk in cow (day) 0.75
Ivd Daily ingestion of.desert vegetation (g/dqy)' 10,000

1, Daily ingestion of alfalfa (g/day) 15,000
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Table 4. Parameters and their values for the inhalation and lung submodel for

man.
Parameter Description Value
Bm Respiration rate (m3/day) 26
FRi Fraction of Pu in particle-size class
AMAD: 0.05, 0.1, 0.3, 0.5, 1.0, 0,0,0,1,
2.0, 5.0 um (simulation) 0,0,0
FRi Fraction of Pu in particle size classes
(sensitivity analysis) all 0.143
D3’1 Fraction of Pu in si}e class i deposited .001,.008,.063,
in nasopharyngeal (NP) region .13,.29,.5,.77
D4,i Fraction of Pu in size class iﬁdeposited .08,.08,.08,
in tracheobronchial (TB) region .08,.08,.08,.08
Ds,i Fraction of Pu in size class i deposited .59,.5,.36,
in pulmonary (P) region (lung) .31,.23,.17,.11
fa Fraction of Pu deposited in NP region that
is cleared to blood (compartment a) .01
Tg Biological half time of Pu in lung-model
compartment a (days) .61
fb Fraction of Pu deposited in NP region
that is cleared to gut (compartment b) .99
Tg Biological half time of Pu in lung-model
compartment b (days) .4
fc Fraction of Pu deposited in TB region
that is cleared to blood (compartment c) .01
12 Biological half time of Pu in lung-model
compartment ¢ (days) .01
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Table 4. (continued)
Parameter Description Value
fd ' Fraction of Pu deposited in TB region
that is cleared to gut (compartment d) .99
Tg Biological half time of Pu in lung-model
compartment d (days) o2
fe Fraction of Pu deposited in lung that
is cleared to blood (compartment e) .05
Tg Biological half time of Pu in lung-model
compartment e (days) 500
ff Fraction of Pu deposited in lung
that is cleared to gut quickly (compartment f) 4
1 Biological half time of Pu in lung-
model compartment f (days) 1-
fg Fraction of Pu deposited in lung
that is cleared to gut siowly (compartment g) .4
1*; Biological half time of Pu in lung-
model compartment g (days) 500
fh Fraction of Pu deposited in lung that
is cleared to lymph (compartment h) .15
Tﬁ Biological half time of Pu in lung-
model compartment h (days) 500
fi Fraction of Pu transferred from lung to lymph
.9

compartment i to blood
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Table 4. (concluded)

Parameter Description Value
T? Biological half time of Pu in 1ymph (days) 1000
T. Residence time of Pu in TB region in transfer
T8,fg
from Tung to gut (days) .0417
A Decay rate of Pu (day~!1) 7.783 x 108
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Table 5. Parameters and their values for the ingestion submodel for man.

Parameter Description Value
I] Tngestion rate for accidental soil ingestion (g/day) 0.01
I2 Ingestion rate for leafy (washed) vegetables (g/day) 81
13 Ingestion rate for other (peeled) vegetables (g/day) 222
I, Ingestion rate of beef muscle (g/day) 273
I Ingestion rate of beef liver (g/day) 13
Ig Ingestion rate of cow's milk (g/day) 436
Wash Fraction Pu remaining after surface washing of vegetables 0.1
Peel Fraction Pu remaining after peeling of vegetables 0.01

~
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Table 6. Parameters and their values for the redistribution of Pu in man.

Parameter Description Value
TarT Residence time of food in the GI traét (days) 0.75
fj Fraction of Pu transferred from gut to blood 3 x 10'5
fBL Fraction of Pu transferred from blood to liver .45
TL Biologjcal half time of Pu in the liver;(days) 14600
fBK Fraction of Pu transferred from blood to kidney 0.02
fBBN Fraction of Pu transferred from blood to bone 0.45
TK Biological half time of Pu in the kidneys (days) 32000
TBN Biological half time of Pu in the bone (days) ' 36500
fBTB Fraction of Pu transferred from‘blood to the total body 1
TTOTB Biological half time of Pu in the total body (days) 65000.
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Table 7.

Parameters and their values for calculating the dose of man.

Parameter

Descriptio;

Value

€GIT
€LuNG
€BON
SLiv
€KID
€1018
€Np

€TRB
SLymp
MsIT
™ unG
MBONE

M1V
L30}

Effective energy absorbed in
(Mev/dis)

Effective energy absorbed in
(Mev/dis)

Effective energy absorbed in
(Mev/dis)

Effective energy absorbed in
(Mev/dis)

Effective ener§y absorbed in
(Mev/dis)

Effective energy absorbed in
disintegration (Mev/dis)
Effective energy absorbed in
per disintegration (Mev/dis)
Effective energy absorbed in
per disintegration (Mev/dis)

Effective energy absorbed in

‘per disintegration (Mev/dis)

Mass of the GI tract (g)
Mass of the lung (g)
Mass of the bone (g)

Mass of the Tiver (g)
Mass of the kidney (g)

gut per disintegration
lung per disintegration
bon? per disintegration
liver per disintegration
kiQney per disint?gration
total body per
nasopharyngeal region

tracheobronchial region

thoracic lymph nodes region
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0.52
53
266
53
53
53
53
53
53
150
500'

7000

1700
300



Table 7. (concluded).

Parameter Description Value
MroTB Mass of the total body (g) 70,000
Myp Mass of the nasopharyngeal region (g) 1.35
LIPS Mass of the tracheobronchial region (g) 400

™ ymp Mass of the thoracic lymph node (g) 15
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Table 8. Sensitivity of lung dose to changes in parameters.

Parameter Characterization Sensitivity :
Concentration in soil, Cs Environmental 1.0
Mass loading factor for air, La | Environmental 1.0
Respiration rate for man, Bm | Physiological 1.0
Dose-rate factor for lung, e]ung | Biophysical ' 1.0
Mass of lung, m]ung | Lung model -0.91
Fraction deposited in 500-d lung compartment
cleared to GI.fg : Lung model 0.67
Residence time of above compartment, T: Lung model 0.64
Fraction of 0.05u particles retained by lung, DS,] Lung model . -0.26
Fraction of lung particles cleared to lymph nodes, fh Lung model 0.25
Residence time of above (lung) compartment, Tg Lung model 0.24
Fraction of 0.1lu particles retained in lung, 05,2 Lung model '0.22
Fraction of 0.3u particles retained in lung, 05’3 Lung model 0.16
Fraction of Pu in particle class 0.05y, FR] o Environmental 0.14
Frgction of 0.5u particles retained in lung, 05’4 Lung model 0.14
14 other parameters Environmental >0.0
(particle size) but
Lung model <0.11
83 other parameters . Ecological (food 0.0

chain), Lung model,
Bone model,

GI model, etc.

40



Table 9. Sensitivity of bone dose.to changes in parameters.

—

Parameter Characterization Sensitivit&
Concentration of Pu in soil, Cg Environmental 1.0
Transfer coefficient blood to bone, fBBN .Bone model 1.0
Dose factor for bohe, €BON | Biophysical 1.0
Mass loading factor for air, La Environmental 0.95
Respiration rate for man, Bm Physiological 0.95
Mass of bone, M3oN - Bone model -0.91
Fraction deposited in lung cleared fo 1ymph, fﬁ Lung model 0.62
Fraction of Pu cleared to 1ymph from lung, fi Lung model 0.62
Fraction deposited in Tung cleared to blood, fe Lung model 0.27
Fraction of 0.05u particles retained in luﬁg, 05’1 Lung model 0.23
Fraction of 0.1u particles retained in lung, DS,Z Lung model 0.20
Fraction of 0.3u particles retained in lung, 05’3 Lung model 0.14
Fraction of 0.5um particles retained in lung, 05’4 Lung model 0.12
A11 others Environmental < 0.10

Lung model

Bone model
Concentration factor for plants, CFv Environmental 0.048
Ingestion rate of leafy vegetables, I, Environmental 0.036
Ingestion rate of other vegetables, 13 Environmental 0.0099
Accidental ingestion rate of soil by man, I] Environmental " 0.0027
Ingestion rate of beef liver, 15 Environmental 0.0020
Ingestion of beef muscle, 14 Environmental 0.00068

Environmental

Ingestion rate of milk, 15

<5x10°8
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Table 10. Sensitivity of 1iver dose to changes in parameters.

Parameter

Characterization Sensitivity

Concentration Pu in soil, Cs

Transfer coefficient blood to 1iver, fBL
Dose factor for liver, € v
Mass loading factor for air, La
Respiration rate for man, Bm
Mass of liver, ™ v

Fraction deposited in lung cleared to lymph, fh
Fraction of Pu cleared to lymph from lung, fi
Fraction deposited in lung cleared to blooq. fe
Fraction 0.05u particles retained by lung, DS,]

Biological half time of Pu in liver, TL

Fraction of 0.1y particles retained in lung, 05’2
Fraction of 0.3u particles retained in 1ung,'D5 3
]

.Fraction of 0.5u particles retained in lung, DS 4
9

Fraction of Pu in particle class 0.05p, FR,

2] parameters

36 parameters

15 parameters

24 parameters

42

Environmental 1.0
Liver ﬁodel 1.0
Biophysical 1.0
Environmental 0.95
Physiological 0.95
Dose model -0.91
Lung model 0.62
Lung model 0.62
Lung model 0.27
Lung model 0.23
Liver model 0.22
Lung model 0.20
Lung model | 0.14
Lung model 0.12
Environmental 0.11.
~ Environmental 20.01
(food chain) but <0.1
Vegetable and >0.00001
cattle models but  <0.01
Lung, bone, etc. >0 But '
models  <0.5 x 107
Bone, kidney, etc.
models 0.0



Table 10. (concluded).

Parameter

Characterization Sensitivity

Ingestion rate of washed vegetables, I,
Ingestion rate of peeled vegetables, Ié
Accidental ingestion of soil, I1
Ingestion rate of beef liver, 15

Ingestion rate of beef muscle, 14

" Environmental
Environmental
Environmental
Environmental

Environmental

0.036
0.0098
0.0027
0.0020
0.00067
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Table 11. Sensitivity of GI tfact dose to changes in parameters.

Parameter

Characterization Sensitivity

Concentration in soil, Cs

Residence time in GI tract, TGIT

Dose-rate factor for GI tract, €6IT

Concentration factor for vegetation, CFv

Mass of GI tract, MaIT

Soil mixing depth by cultivation, Fa]f

Fraction Pu retained after washing leafy
vegetables, Wash

Ingestion rate of leafy vegetables, I,

Fractién Pu retained after peeling
vegetables, Peel

Ingestion rate of other vegetables, I3

Power parameter for calculating cattle
ingestion, CF2

Accidental ingestion rate of soil by man, I]

55 other parameters

including: Ingestion rate of beef liver, Ig

Ingestion rate of beef muscle, 14'

Ingestion rate of milk, I6

44 other parameters

Environmental

GI model

‘ Biophysical

Environmental
GI model

Environmental

Environmental

Environmental

Environmental

Environmentél

Cow model
Environmental

Cattle models, lung
model, environmental
(food chain)
Environmental
Environmental
Environmental

Bone, lung, Tiver

model, etc.

1.0
1.0
1.0
0.93
-0.91
-0.81

0.70
0. 70

0.19

0.19

0.18
0.052
>0.0 but

<0, 052

0.638
0.013
0.00003
0.0
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Table 12. Sensitivity of organ dose to pathways.

Organ sensitivity

Pathway/parameter GIT URT Lung Lymph Liver Kidney Bone Total body

Inhalation

La’ mass loading factor for air . 0.006 1.0 1.0 1.0 0.949 0.949 0.949 0.948

Ingestion (analysis at intake)
I] accidental ingestion of

soil by man 0.052 0.0 0.0 0.0 .0027 - 0027 .0027 . . 0027
I2 leafy (washed) vegetables 0.70 0.0 0.0 0.0 .036 .036 .036 .036
I3 other (peeled) vegetables .19 0.0 0.0 0.0 . 0098 .0099  .0099 .010
I, beef muscle .013 0.0 0.0 0.0 .00067 .00068 .00068 . 00068
Iz beef liver .038 0.0 0.0 0.0 .0020 . 0020 .0020 .0020
I milk _ . 00003 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ingestion (ana]ysis"at soil source)
Through vegetation, CFV,

concentration factor for plants 0.927 0.0 0.0 0.0 .047

.048 . 048 .048
Accidental soil ingestion

by man, 1, .052 0.0 0.0 0.0 .0027 .0027 .0027 .0027
Accidental soil ingestion '

by cattle, Is 0.015 0.0 0.0 0.0 0.00076 0.00077 ©.00077 0.00078




Table 13. Relative spread of distribution of doses in uncertainty analysis by

organ.
Variable o/m
A1l parameters 0.03
GI tract dose 0.08
Upper respiratory tract dose 0.08
Lung dose 0.08
Lymph dose 0.Nn
Liver dose 0.08
Kidney dose 0.08
Bose dose 0.08

0.08

Total body dose
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FIGURE CAPTIONS

Figuré 1. Schematic diagram showing compartments of major submodels of the
NAEG model. Transfers of Pu between compartments are shown by

solid arrows. Thé man submodel is surrounded by a dashed line.

Figure 2. Schematic diagram of the béef-catt]e submodel. Internal transfers

between cattle organs are shown within dashed 1line.
Figure 3. Schematic diagram of the milk-cow submodel showing Pu pathways.

Figure 4. Schematic diagram of the man submodel. Inputs are inhalation

(q“) and ingestion (ﬁn) of Pu. Solid arrows show movement of

Pu between organs.

Figure 5. Cumulative dose to man in four organs for a 50-year simulation of a

constant exposure to soil containing 1 pCi of 239Pu/g.

Figure 6. Cumulative dose to all organs calculated in the NAEG model.

Simulation is for a 50-year exposure to environmental values in

Tables 1 through 7.
Figure 7. Histograms of distribution of organ doses for 1000 simulations of

50-year dose where the parameters were allowed to vary

independently between simulations.
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Figure 8. Log transformed organ doses plotted on probability scales for the

distributions shown in Fig. 7.

Figure 9. Organ doses (untransformed) plotted on probability scales (probits)
for the distributions shown in Fig. 7.
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